C 4 photosynthesis is a complex set of leaf anatomical and biochemical adaptations that have evolved more than 60 times to boost carbon uptake compared with the ancestral C 3 photosynthetic type [1] [2] [3] . Although C 4 photosynthesis has the potential to drive faster growth rates 4, 5 , experiments directly comparing C 3 and C 4 plants have not shown consistent effects 1, 6, 7 . This is problematic because differential growth is a crucial element of ecological theory 8, 9 explaining C 4 savannah responses to global change 10, 11 , and research to increase C 3 crop productivity by introducing C 4 photosynthesis 12 . Here, we resolve this longstanding issue by comparing growth across 382 grass species, accounting for ecological diversity and evolutionary history. C 4 photosynthesis causes a 19-88% daily growth enhancement. Unexpectedly, during the critical seedling establishment stage, this enhancement is driven largely by a high ratio of leaf area to mass, rather than fast growth per unit leaf area. C 4 leaves have less dense tissues, allowing more leaves to be produced for the same carbon cost. Consequently, C 4 plants invest more in roots than C 3 species. Our data demonstrate a general suite of functional trait divergences between C 3 and C 4 species, which simultaneously drive faster growth and greater investment in water and nutrient acquisition, with important ecological and agronomic implications.
C 4 photosynthesis is a complex set of leaf anatomical and biochemical adaptations that have evolved more than 60 times to boost carbon uptake compared with the ancestral C 3 photosynthetic type [1] [2] [3] . Although C 4 photosynthesis has the potential to drive faster growth rates 4, 5 , experiments directly comparing C 3 and C 4 plants have not shown consistent effects 1, 6, 7 . This is problematic because differential growth is a crucial element of ecological theory 8, 9 explaining C 4 savannah responses to global change 10, 11 , and research to increase C 3 crop productivity by introducing C 4 photosynthesis 12 . Here, we resolve this longstanding issue by comparing growth across 382 grass species, accounting for ecological diversity and evolutionary history. C 4 photosynthesis causes a 19-88% daily growth enhancement. Unexpectedly, during the critical seedling establishment stage, this enhancement is driven largely by a high ratio of leaf area to mass, rather than fast growth per unit leaf area. C 4 leaves have less dense tissues, allowing more leaves to be produced for the same carbon cost. Consequently, C 4 plants invest more in roots than C 3 species. Our data demonstrate a general suite of functional trait divergences between C 3 and C 4 species, which simultaneously drive faster growth and greater investment in water and nutrient acquisition, with important ecological and agronomic implications.
The repeated emergence of C 4 photosynthesis across multiple independent plant lineages transformed plant evolutionary history, and represents a remarkable example of convergent evolution 1, 2 . Despite accounting for only 3% of extant plant species, C 4 lineages today dominate warm, open environments and account for 25% of terrestrial carbon fixation 9, 10 . C 4 grasses include some of the world's most important food and energy crops, and C 4 grassy savannahs provide critical ecosystem services for more than a billion people 13 . Understanding how the C 4 photosynthetic pathway changes plant growth is therefore crucially important for plant evolution, crop production and ecosystem ecology.
Models of crop production and ecosystem dynamics assume that C 4 species have higher rates of photosynthesis than C 3 species under hot and sunny conditions, which lead to faster growth 5, 10 . However, the numerous direct comparisons of C 3 and C 4 plant production made throughout the last 50 years have not consistently shown a growth rate advantage associated with C 4 photosynthesis (reviewed elsewhere 1, 6, 7 ). We hypothesize that this inconsistency arises from the large variation in growth rates among ecologically diverse species, coupled with low statistical power arising from small sample sizes. Others have argued that it may arise from environmental limitations, or differences in internal resource consumption and allocation between C 3 and C 4 species 6, 7 .
To address this long-standing biological problem, we used an exceptionally large screening experiment to compare 382 grass species grown under controlled environmental conditions within a phylogenetic and ecological framework. Species were sampled broadly across the two main clades of the Poaceae (grasses): (1) the BEP lineage, comprising solely C 3 species; and (2) the PACMAD lineage, which includes 22-24 independently evolved C 4 lineages 14 and a smaller but still substantial number of C 3 species. The sampling was structured to encompass species from different climate regions, characterized by alternative temperature (tropical and temperate), precipitation (arid and wet/humid) and tree cover (forested and open landscapes) combinations (Fig. 1) . The species sample also incorporated both annual and perennial plants, and wild and domesticated crop species (Supplementary  Table 1 ), but excluded bamboos, from which seeds are difficult to source. Ten plants per species were grown for five weeks under resource-rich, tropical conditions. Destructive harvesting during this period allowed us to estimate species-specific relative growth rate (RGR) using a non-linear growth model. Accounting for size in this analysis is critical because RGR often declines as plants become larger 15 . RGR values were therefore estimated from growth models at small (20th percentile of the biomass distribution across harvests for all species) and large (60th percentile) sizes. The sizes were chosen as extremes in the size range over which all species were destructively sampled (excluding small or large sizes which were not attained by all species).
We resolved the key drivers of variation in RGR using a phylogenetic comparative analysis, selecting explanatory variables on the basis of a priori expectations about the ecological and life history traits that influence growth rate 16 . Life history (annual/perennial) had a large and highly significant effect, with annuals growing faster than perennials ( Fig. 1 and Supplementary Table 2 ). The other factors made smaller contributions, suggesting unexpectedly that neither adaptations to climatic region (tropical/temperate, humid/arid) nor specialization within extreme habitats (waterlogged or dry soils, and open or shaded forest environments) exert strong effects on growth. Once all of these factors were taken into account, and evolutionary history was considered, the evolution of C 4 photosynthesis across the 16 origins sampled in our experiment had a major positive impact on growth ( Fig. 1 and Supplementary Table 2 ).
The positive effect of C 4 photosynthesis on growth under controlled tropical conditions was detected at both small and large plant sizes, but its magnitude was highly size dependent (Fig. 2) . The acquisition of C 4 photosynthesis generated a 19%, or 0.039 g g Fig. 2 ). This strong size dependence arose because the maximum plant size was five times larger in C 4 than C 3 species (0.70 g vs. 0.12 g, respectively: d.f. = 1,380, t = 5.23, Pagel's λ = 0.54, P < 0.001), allowing C 4 species to continue growing faster for longer ( Supplementary Fig. 1 ). The inclusion of bamboos would be unlikely to influence this result because these belong to the BEP clade, and are an outgroup to the direct comparisons between closely related C 4 and C 3 PACMAD species.
Growth rate variation can be decomposed into three components, representing (1) the leaf area relative to leaf mass (specific leaf area, SLA); (2) the mass allocated to leaves relative to total plant mass (leaf mass ratio, LMR); and (3) the growth rate per unit leaf area (net assimilation rate, NAR). Almost since the discovery of C 4 photosynthesis, it has been assumed that higher photosynthetic rates increase the growth of C 4 species per unit of leaf area 17 , that is through an increased NAR. Previous pairwise comparisons of C 3 and C 4 species have shown this expected effect (for example, ref. 18 ). However, in large, multi-species comparisons, there has been little evidence either that high area-based photosynthesis generally translates into greater NAR 19 or that NAR is a major component of growth in C 4 species 20 . In our experiment, we also found no significant difference in NAR between C 4 and C 3 species at small sizes (d.f. = 1,380, t = 0.95, Pagel's λ = 0.50, P = 0.34; Fig. 3 ). However, the difference in NAR between C 4 and C 3 species increased dramatically at large plant sizes, with values of 1.87 and 0.96 mg m −2 d −1 , respectively, resulting in a near-doubling in C 4 compared with C 3 species (d.f. = 1,341, t = 4.80, Pagel's λ = 0.36, P < 0.001). The difference in NAR underpinned 82% of the variation in RGR at large plant sizes (Fig. 3 and Supplementary Table 3) , and is consistent with faster net carbon assimilation in the C 4 species. Photosynthesis in the C 4 species could have been further enhanced in the high light conditions of our experiment by greater canopy temperatures and improved shoot water relations arising from lower stomatal conductance in C 4 than C 3 species 20, 21 . Although NAR was not important for growth in small plants, SLA (specific leaf area) had a substantial effect. Values of SLA were 33% greater in C 4 than C 3 species at small plant sizes, 436 cm 2 g −1 compared with 328 cm 2 g −1 , respectively (d.f. = 1,380, t = 3.5, λ = 0.54, P< 0.001). Variation in SLA was the main driver of variation in RGR ( Fig. 3 and Supplementary Table 3) . At large sizes, SLA was still 39% higher in C 4 than C 3 species (d.f. = 1,380, t = 4.28, λ = 0.49, P < 0.001) (Fig. 3 and Supplementary Table 3) . The high productivity of C 4 species is therefore driven by higher SLA at small plant sizes, and a longer period of rapid growth during which NAR becomes increasingly important (Supplementary Figs 2, 3 and Supplementary Discussion).
For plants in general, the maintenance of a large root system carries a respiratory burden, which reduces the availability of carbon for growth 19 . Fast growth is therefore often achieved by greater allocation to shoots relative to roots 19 , but this may compromise root properties that depend on size, such as competition for below-ground resources 22 and the below-ground storage of energy reserves 23 . Our data provide strong empirical support for the hypothesis 7 that C 4 photosynthesis allows plants to fundamentally change this inherent trade-off between growth and allocation.
Despite growing faster than C 3 species, C 4 plants allocated 54% more biomass to roots, with root mass ratios (root mass/plant mass) averaging 0.46 in C 4 and 0.29 in C 3 plants (d.f. = 1,380, t = 5.54, λ = 0.40, P < 0.001; Supplementary Fig. 4 ). This simultaneous adjustment of growth and allocation in C 4 species permits a diverse range of novel ecological strategies and opportunities that are unavailable to C 3 plants Error bars are not visible in some cases because they are smaller than the symbol, whereas in other cases lineages are represented by a single species (see Supplementary Table 1 for the species in each lineage). The overall difference between C 3 and C 4 species calculated in a phylogenetic analysis is shown at the bottom of each panel. It has been noted previously that C 4 species may have high SLA (or a low investment of leaf mass per unit area) 24 . However, the generality of this observation and its full significance for the high productivity of C 4 species has not been appreciated. We also sought a mechanistic explanation for the SLA variation among species in terms of leaf thickness and density, following previous authors in using leaf dry matter content (LDMC, the ratio of leaf dry mass to fresh mass) as a proxy for density 25 . Leaf thickness did not differ significantly between C 3 and C 4 species (d.f. = 1,380, t = 0.34, λ = 0.51, P = 0.74). However, variation in LDMC accounted for 70% of the variation in SLA between C 3 and C 4 species. The LDMC was significantly lower in C 4 than C 3 species, with a value of 18% compared with 23%, respectively (d.f. = 1,380, t = 3.50, λ = 0.52, P < 0.001). Approximately 25% of the between-species variance in leaf density was linked to changes in photosynthetic pathway (Supplementary Table 4 ). At first sight, this result seems puzzling, since proportions of high-density tissues such as bundle sheath and sclerenchyma are higher in C 4 than C 3 leaves 26 and the proportions of air spaces are lower 27 . Instead, the overall difference in leaf density must arise from other changes in tissue density associated with the C 4 pathway, including a decrease in the proportion of cell walls caused by larger cells or thinner cell walls; a decrease in the total protein content driven by reduced mesophyll investment in C 3 cycle enzymes, which include the most abundant proteins in plants 7, 28 ; or a difference in vascular structure and architecture, associated with leaf hydraulics 29 . Controlled environment screening experiments of the kind performed here can provide important insights into the fundamental differences in growth characteristics among species. However, they necessarily focus on plants during the early phase of rapid growth, so that many species remain immature for the duration of the experiment. Furthermore, the application of a simplified, common environment is inevitably sub-optimal for the growth of certain species. The general significance of the growth characteristics identified here must therefore be tested for mature plants under field conditions, where responses are mediated by abiotic (for example, drought limitations) and biotic (for example, mycorrhizal symbioses) interactions. Similarly, the ecological adaptations to climatic region and extreme habitats considered here are necessarily coarse global descriptors of ecology, and do not capture finer scale ecological adaptations to factors like soil fertility, which are known to influence RGR 16 .
We have clarified an important and long-standing controversy in the literature by a phenotyping study of unprecedented scale, coupled to an analysis that accounted for ecology and evolutionary history simultaneously. These novel aspects of the work have enabled us to demonstrate profound effects of C 4 photosynthesis on growth and allocation, a strong size-dependence in these effects that is linked to maximum plant size, and a central mediating role for leaf construction costs. The effects were resolved for juvenile plants within a controlled environment and might be altered in mature plants in natural environments by local environmental processes acting at the population or species levels. The work therefore highlights the vital importance of using comparative screening in controlled environments to study physiological innovations within the context of the whole organism. It has crucial implications for the ecological behaviour and interactions of species in grassy biomes, and for the introduction of novel physiological traits into crops to improve yields.
Methods
Growth experiment. Seeds were obtained from seed banks, commercial suppliers, or the wild, and sterilized before germination (Supplementary Table 1 ). Seedlings were transplanted into 1-litre pots (length, 5 cm; width, 5 cm; height, 40 cm), containing 90% vermiculite and 10% sand by volume.
The experiment compared the growth of 382 species under the same environmental conditions. We used a controlled environment chamber (MTPS 120, Conviron) to provide a day/night temperature of 30/25°C and 70% relative humidity. Day length in the chamber was 14 h, with a maximum photosynthetic photon flux density measured at canopy height of 1,600 µmol m −2 s −1
. We aimed for a non-limiting water supply by watering twice daily using an automated irrigation system, and a non-limiting nutrient supply by feeding twice a week with 50% nitratetype Long Ashton solution 30 . Individual plants were harvested approximately weekly for five weeks. Harvested plants were washed, and fresh weight and total leaf area determined (WinDIAS Image Analysis System, Delta-T Devices). Plant material was dried at 70°C to a constant mass, and leaf, stem (including leaf sheath and culm) and root fractions weighed independently.
Full details of the experiment are provided in the Supplementary Methods.
Growth analysis. All statistical analyses used the R language and environment (R Foundation for Statistical Computing). Total plant dry mass over time was used to model species-specific growth curves. For all traits, we calculated both an average value per species, and a predicted value at two common sizes: the 20 and 60% percentiles for total plant dry weight across all species and all harvests. Each trait at the 20 and 60% percentiles was estimated using linear regression against total plant dry weight.
To ensure that our estimates of growth rate were robust, we fitted a wide range of growth models. In all cases, we modelled ln(mass) as a function of time, and included terms for experiment and block as fixed effects. Details of the models, fitting methods, derivation of growth rates, and comparisons between the models, are provided in the Supplementary Methods. RGR values are reported from the fourparameter logistic model.
Components of growth. RGR can be broken down into three components, NAR, SLA and LMR. We looked at the relationships between the components, RGR and the C 4 pathway at several different levels: (1) whether the growth component values differ significantly between photosynthetic types; (2) how much each component contributes to the variance in RGR (see ref. 15); and (3) whether the variance in the growth components is due to the C 4 pathway or species-specific differences, using a new variance decomposition method (see Supplementary Methods).
Specific leaf area (SLA) can be further decomposed as SLA = leaf area leaf mass = 1 leaf thickness × leaf density However, accurate direct measurements of leaf density and thickness are difficult under the constraints of a large experiment. Leaf dry matter content was therefore determined as an easily obtained proxy for leaf density 25 . With this information, estimates of leaf thickness can be derived by assuming invariance in the density of fresh leaves among species 25 .
Habitat characterization. Published information about the habitats occupied by each species was collected and categorized into wetness and shadiness categories designed to distinguish specialists of wetlands, shallow and free-draining soils, or forest shade environments from other species. We also collated published information about annual/perennial life history, maximum plant height in the field, whether the species was sod-forming (had rhizomes and/or stolons) or not and its domestication status. Broad climatic zones (tropical vs. temperate, arid vs. wet/ humid) were distinguished using mean annual precipitation (MAP) and mean annual temperature (MAT) across the geographical range of each species. Full details are provided in the Supplementary Methods.
